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Methods

Systematic review
Risk factors for delirium
In this systematic review and qualitative meta-analysis, we based the inclusion of risk factors on a recent landmark review that described 29 recognized risk factors for delirium 12 
Delirium
As delirium is regarded as a manifestation of encephalopathy [15] [16] [17] , we included articles on either term, and grouped these into one category denoted as 'delirium'.
Network outcomes
Since graph theory studies may include a variety of outcomes, we focused on the outcomes that are more commonly analyzed and have a straightforward 
Search term and search strategy
References for the systematic review were identified through searches of PubMed and EMBASE from inception to September 2018, by use of relevant terms "connectivity", "network", "graph", "disconnection", "dementia", "cognitive impairment", "history of delirium", "functional impairment", "visual impairment", "hearing impairment", "comorbidity or severity of illness", "depression", "(history of) transient ischemic attack or stroke", "alcohol misuse", "aging", "polypharmacy", "psychoactive drugs", "sedatives or hypnotics", "physical restraints", "bladder catheter", "acute kidney injury", "altered serum albumin level", "altered sodium, glucose or potassium level", "metabolic acidosis", "infection", "iatrogenic disease", "surgery", "trauma admission", "urgent admission", "coma", "delirium", "encephalopathy", "magnetic resonance imaging", "electroencephalography", "electrocorticography", "diffusion tensor imaging", "resting state", "magnetoencephalography", "brain", "neuroimaging", "functional neuroimaging", "positron-emission tomography", "staining", "neurophysiology", "diffusion tractography", "diffusion magnetic resonance imaging", and "near infrared spectroscopy" (for the exact search term see Tables A.1 
+ A.2).
Articles resulting from these searches and relevant references cited in those publications were reviewed on the relevance of the title and the abstract by
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two authors (SVM and AA). The full text of potentially relevant articles were evaluated by two authors (SVM and AA).
Inclusion criteria
We included articles (a) published in English, (b) assessing whole brain graph analysis, (c) in humans (d) during delirium or during a state that is considered to be risk factor, (e) with use of a control group, (f) for functional imaging with measurements conducted during resting state without intervention, and (g) assessing one or more of the following outcomes: (normalized) connectivity strength of the global network, (normalized) global efficiency or (normalized) path length of the global network, (normalized) local clustering of the global network, and/or (normalized) modularity of the global network ( Figure A.1 ). If eligibility for inclusion was uncertain, we discussed the article with a third author (EVD) and included the paper by consensus of all three authors.
Quality criteria
Previous literature has indicated that network analyses may be subject to various methodological choices, for example the use of adequate connectivity measures [18] [19] [20] [21] and the definition of nodes and edges [22] [23] [24] [25] [26] . These methodological choices can introduce bias and strongly influence the outcomes of graph analysis 19, 20, 27, 28 . Therefore, we developed a priori quality criteria based on state-of-the-art methodological studies 19,20,29-31 . Consensus papers from experts in the field of interest 19,20,29 were used to assess the quality of the studies and quantify their impact (Figure 1 , Appendix text section A.1). Based on these, two authors (CK and LM) evaluated each study
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independently and categorized the quality as excellent, good or moderate. If the scores differed between authors, a third author (EVD or SVM) evaluated the study, and the quality score was determined after consensus of all three authors.
Qualitative meta-analysis
Case-specific results
Structural and functional brain network studies were separately analyzed for after consensus of all three authors. If a publication explored more than one risk factor separately, we took the comparison of each risk factor as a separate result, referred to as case.
Composite scores
As methods used to perform graph analyses were not equal between the different included studies, a quantitative meta-analysis appeared not to be feasible. However, to study whether delirium and its risk factors are associated with consistent brain network changes we performed a qualitative meta-analysis, in which we summarized results of the different included studies in composite scores. A composite score for each modality (DTI, MRI grey matter networks, fMRI/PET, EEG/MEG) and each outcome measure (connectivity strength, global efficiency, local clustering and modularity) was calculated. After exclusion of the moderate quality studies, all studies were given an equal weight in the composite score of the risk factor. The result of the composite score was one of the following: (a) "no effect", i.e. outcome was assessed, but the majority of studies found no effect of the risk factor on this outcome, (b) "higher" outcome value, i.e. the majority of investigations found an increase of this outcome measure associated with the risk factor, (c) "lower" outcome value, i.e. the majority of studies found a decrease of this outcome measure associated with the risk, (d) "inconclusive" outcome value, the more than 50% of the investigations reported contradictory results, (e) "not measured", i.e. no studies assessing this outcome were available for this risk factor. The composite score was accompanied with the percentage of studies representing the score (i.e. "no effect", "higher", "lower"). For example, if 5 DTI
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studies on the risk factor aging assessed the outcome global efficiency, of which 4 studies found a decreased global efficiency in older subjects, the composite score was "lower: 4 out of 5". Outcomes of moderate studies were qualitatively described in the results section if no good or excellent quality studies were available.
Results
Our literature search resulted in 24442 hits of which 126 studies met our inclusion criteria ( Figure A. 2). These 126 publications described in total 151 cases on different predisposing risk factors, precipitating risk factors or delirium (i.e. if a publication explored more than one risk factor separately, we took the comparison of each risk factor as a separate case) 10, . For a detailed overview of included studies, investigated risk factors, measurement techniques, outcomes and quality scores see Table A. 3. After scoring, 118 cases were graded as qualitatively 'good or excellent', of which 99 on predisposing risk factors, 11 on precipitation risk factors and 7 on delirium, and included in our risk factor composite scores. Table 1 show findings for each modality: structural networks based on MRI grey matter similarity, structural networks based on DTI, functional networks based on fMRI, and functional networks based on EEG. Below we describe findings on risk factors with at least 2 good or excellent quality studies, if not otherwise specified.
Predisposing delirium risk factors and structural networks
White matter networks
DTI-based structural network studies generally showed an association of predisposing risk factors for delirium with lower connectivity strength and
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lower network efficiency (Table 1, part 1A) . Aging (2 out of 2 (2/2) studies), cognitive impairment (2/2 studies) and depression (2/3 studies) were associated with lower connectivity strength 35, 57, 60, 111, 118, 122 . Aging (2/2 studies), cognitive impairment (5/7 studies), dementia (3/4 studies) and visual impairment (1 study) were all associated with lower network efficiency 35, [57] [58] [59] [60] [61] [62] [63] [94] [95] [96] 111, 154 . Depression (6/7 studies) showed however no effect on efficiency and stroke (N=2) showed contradictory findings on efficiency 57, 62, [116] [117] [118] [119] [120] 122, 146 .
The majority of risk factors showed no effect on local clustering 35, [57] [58] [59] [60] [61] [62] [94] [95] [96] 110, 111, 116, [118] [119] [120] 122, 146, 154 . Mixed results were found for different risk factors
for modularity: while one study on aging showed no effect 111 , a study on dementia showed increased modularity 94 .
Grey matter networks
Evidence for grey matter network alterations due to delirium predisposing risk factors was scarce ( Table 1 , part 1B). The two studies on aging both showed an association between aging and loss of efficiency 32, 34 . However, no effect on grey matter network efficiency was found for cognitive impairment (N=5), dementia (N=6) and depression (N=6) in at least 50% of studies 51 
Predisposing delirium risk factors and functional networks
fMRI and PET
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fMRI-based functional network studies generally showed an association of predisposing risk factors for delirium and lower connectivity strength ( fMRI and PET studies on cognitive impairment (6/9 studies) and depression (5/6 studies) showed no effect 69, [71] [72] [73] 76, 77, [124] [125] [126] 128, 157 . Although all studies on aging (4/4 studies) showed decreased modularity 38, 39, 41, 42 , studies on other risk factors showed inconclusive findings (cognitive impairment: N=6) or no effect on modularity (4/5 studies) 64,68,69,71-73,102 .
EEG and MEG
EEG and MEG-based functional network studies showed mixed results with a tendency towards lower connectivity strength in the alpha band ( were associated with decreased efficiency [141] [142] [143] , but coma (N=2) and neurotrauma (N=1) showed no effect on efficiency 84, 85, 150 . Mixed results for different risk factors were found for strength, local clustering and modularity 84, 85, 142, 143, 150, 151 .
EEG and MEG-based functional network studies generally showed an association of precipitating risk factors for delirium with lower efficiency and a higher local clustering in the alpha band ( Table 1 , part 2B). Sedation (2/3 studies) and neurotrauma (N=1 of moderate quality) were associated with a decreased efficiency in the alpha band 89, 144, 145, 153 . Sedation (2/2 studies) and neurotrauma (N=1 of moderate quality) were further associated with increased local clustering in the alpha band 144, 145, 153 . No effect was found in these two risk factors on connectivity strength 89, 144, 145, 153 .
Delirium and functional networks
fMRI
Evidence for fMRI network alterations in delirium was scarce ( Three fMRI studies on hepatic encephalopathy 87, 134, 135 (of which one of moderate quality 135 ) did not show loss of efficiency, and reported decreased local clustering 87, 134, 135 . Two fMRI studies on hepatic encephalopathy (of which one of moderate quality 135 showed decreased modularity 136 .
EEG
EEG-based functional network studies showed an association of delirium with lower connectivity strength in the alpha band ( diameter, a less biased measure of efficiency than the path length of a weighted network 158, 159 , a decreased alpha band efficiency was observed.
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Discussion
We evaluated the evidence for alterations in the structural and functional brain network related to delirium and its risk factors (Figure 2) . On a structural level, predisposing risk factors were generally associated with lower connectivity strength and less efficient organization of white matter connections. On a functional level, a decrease of functional connectivity strength was found in most fMRI-and some EEG studies related to predisposing risk factors. The limited fMRI and EEG data available on precipitating factors generally indicated less efficiency of functional networks. During delirium, functional brain networks were characterized by decreased alpha band EEG connectivity and lower fMRI network integration. Taken together, we found evidence that a less connected and less integrated brain network is a common mechanism in the pathophysiology of delirium.
Effects of predisposing delirium risk factors on brain networks
Although all studied risk factors were generally associated with decreased strength and loss of efficiency, most conclusive evidence for brain network alterations was found for aging, dementia and cognitive impairment. However, depression showed an aberrant effect in global efficiency of structural networks. A possible explanation is that depression is a more heterogeneous disorder with a largely unknown biological substrate 160 , making it difficult to compare studies within this risk factor. The risk factor age showed a stronger risk factor-specific pattern compared to other risk factors. Investigations on aging showed decreased efficiency in grey matter MRI studies and loss of modularity in fMRI studies, while findings on other risk factors were
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inconclusive or absent. Aging is known as a key risk factor for delirium 12, 31 , which may be related to its extensive impact on brain network topology.
Effects of precipitating delirium risk factors on brain networks
The small number of available studies on precipitating factors for delirium generally showed loss of efficiency of the functional network. Sedation and renal failure were associated with loss of efficiency, but coma and neurotrauma did not show this effect. A possible explanation is that sedation and renal failure are manifestations of acute brain changes, whereas coma and neurotrauma were studied in the subacute phase. Loss of network efficiency could initially have been present in the acute phase of coma or neurotrauma, but this may have normalized thereafter 161 . However, the evidence was limited, so more studies are needed to unravel the exact mechanism.
Effects of delirium on brain networks
During delirium, a variety of network changes have been observed, i.e. reduced connectivity strength, reduced global efficiency, reduced local clustering and reduced modularity, although the number of investigations was small. In general, the strongest evidence was found for a less connected and disintegrated network during the syndrome. Due to the limited number of studies, we are currently unable to distinguish specific network alterations to the different clinical subtypes of delirium.
Strengths and limitations
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The framework of graph theory provides new opportunities to study the development of neuropsychiatric diseases. Our rigorous systematic review and qualitative meta-analysis revealed new insights on the pathophysiology of delirium. The development and use of the quality criteria for network studies, largely based on recent consensus papers on methodological approaches, allowed us to assess the robustness of findings 19, 20, 27, 28 . These quality criteria can be used and adapted for future investigations on other topics.
We studied a variety of presumed delirium risk factors in relation to brain network alterations. As there is no general consensus which factors increase the risk of delirium, it could be argued that inclusion of some of these factors may have biased our analyses. In the absence of strong epidemiological evidence on the exact risk profile of delirium, we included delirium risk factors based on a recent landmark article published in a high-impact medical journal 12 .
Comparing brain network outcomes of different studies in a qualitative way may be unconventional. The outcomes of the studies were similar, but some studies differed in study design and exact calculations of the outcomes. 
for this possible confounder 26, 159 , is needed to show if efficiency loss is present independent of connectivity strength effects. Observations of decreased connectivity strength and loss of network efficiency have been associated to other disorders as well, and may therefore not be specific for the pathophysiology of delirium 2,3,162 .
As positive and negative results are not equally reported in the literature 163, 164 , our review may have been influenced by publication bias. We have attempted to reduce this bias by defining the risk factors for delirium on a previously published landmark paper 12 , by using a predefined systematic search term and by conducting our search in two different libraries, i.e.
PubMed and EMBASE. However, like in other systematic reviews and metaanalyses, unpublished negative studies could not be included.
Delirious patients can be restless or agitated 6 , which may have influenced the quality of EEG and fMRI measurements 22, 29 . Although in EEG analyses artifact-free epochs were used and usage of fMRI motion correction was part of our quality criteria, the results shown in this study may still have been (partly) effected by motion. Future studies on delirium may benefit from strict motion correction. In addition, patients with delirium always suffer from an underlying physical condition and may use a variety of medication, which may have influenced the functional network status. However, the included studies on delirium all used a clinically matched control group to minimize medication (and other hospitalization) effects, and in some studies patients were even matched on (specific types of) medication use. Furthermore, antipsychotics
such as haloperidol may not particularly influence measures of brain function 165 . Likewise, delirious patients could suffer from brain damage, which might have led to differences in brain function 2, 166 . This may however not be the essential factor for network disruptions during delirium as studies that strictly corrected for brain lesions in their study sample report similar results as studies that did not 86, 88 .
Neuropsychiatric disorders may be associated with alterations of hubs in the network 2,3 . Hubs were not considered in the current study because of the lack of a formal definition of hubs, together with the small number of studies using hubs as a comparable outcome measure. Not all factors influencing vulnerability for delirium have been studied in relation to brain network alterations. Future work is needed to validate our hypothesis for other delirium risk factors and to integrate the framework of graph theory and brain networks with other biological processes underlying delirium.
A network model of delirium
Our findings suggest that delirium predisposition is associated with a less connected and less efficient structural network, and a less connected functional network. Structural and functional network organization are closely related 167 , and this relation may be of particular relevance for the pathophysiology of delirium. Computational studies have shown that reduced structural connectivity strength as characterized by reduced white matter volume, can cause decreased functional connectivity strength and efficiency 168, 169 . Moreover, weakening of structural network efficiency may decrease
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global spreading of information in the functional networks, disabling cooperative effects between network components 170 . Precipitating delirium risk factors may cause further loss of functional brain network efficiency towards a critical transition 167, 168 , consequently inducing an acute global loss of functional interactions and network integration, as seen in functional connectivity studies in delirium patients 10,86,89 . Accordingly, white matter network studies on delirious patients or patients at risk for delirium, specifically show disturbances in white matter network strength and efficiency 171, 172 , strengthening the evidence for our proposed network model of delirium.
The theory of alterations of brain networks do not have to replace other hypotheses on the pathophysiology of delirium. Important theories on the etiology of delirium include persistent neuroinflammation, an aberrant stress response and alterations of neurotransmission 173 . It remains to be studied to what extent these are associated with brain network alterations. A recent modeling study showed that EEG phenomena associated with delirium, including connectivity and network alterations, may be the result of imbalance between excitatory and inhibitory activity, as well as increased fluctuations in subcortical information 174 . Particularly an altered balance between glutamatergic and GABAergic neurotransmission may contribute to network vulnerability 9 . Previous studies have shown GABAergic medication, including benzodiazepines, as precipitant of delirium 31 and reduced network connectivity 175 .
At present, management of delirium consists of symptomatic treatment and treatment of underlying conditions, while there is no proven intervention that directly improves the underlying brain dysfunction. There is therefore a need for targeted interventions focused on the pathophysiology of the disorder.
Non-invasive targeted brain stimulation, such as transcranial direct current stimulation (tDSC) and Transcranial Magnetic Stimulation (TMS), may normalize the functional brain network and can have beneficial therapeutic effects in several groups of (neuro)psychiatric patients 176, 177 . Based on the proposed model for delirium, we suggest that these network-based interventions, such as targeted brain stimulation, will be studied for delirium treatment.
Conclusion
Decreased connectivity strength and efficiency seem to characterize structural brain networks of patients at risk for delirium, while functional network disintegration appears to be the final common pathway for the syndrome. 
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Legend:
= equal outcome value (the majority of studies found no effect of the risk factor on this outcome) ↑ higher outcome value (the majority of studies found an increase of this outcome measure associated with the risk factor) ↓ "lower" outcome value (the majority of studies found a decrease of this outcome measure associated with the risk)
?
"inconclusive" outcome value (the studies found contradictory results) · "not measured" (no studies assessing this outcome were available for this risk factor) Abbreviations: DTI = diffusion tensor imaging, EEG = encephalography, fMRI = functional magnetic resonance imaging, GM = grey matter, MEG = magnetoencephalography, PET = positron emission tomography
Highlights  Delirium is consistently associated with functional network impairments.  Risk factors are associated with lower structural connectivity strength.  Risk factors are associated with a less efficient structural network organization.  Structural impairments make the functional network more vulnerable to deterioration.  Functional network disintegration seems to be a final common pathway for delirium. 
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